Statins, as the biggest selling class of pharmaceutical compounds, have become the cornerstone of medical treatment for hypercholesterolemia and have led to a marked reduction in morbidity and mortality from adverse cardiovascular diseases (CVD). They were initially isolated and identified as metabolites of red rice yeast [1, 2] to inhibit the rate-limiting step of cholesterol biosynthesis, the conversion of HMG-CoA to L-mevalonic acid, through blocking the activity of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG CoA-reductase) [3] . This leads to decreased hepatic cholesterol biosynthesis, and feedback increased hepatic expression of low-density lipoprotein (LDL) receptor, which results in enhanced LDL-cholesterol clearance in the circulation. Because plasma LDL cholesterol level is strongly associated with coronary heart disease, it has been generally assumed that the beneficial effects underlying statin therapy are entirely due to cholesterol reduction. Interestingly, both experimental and clinical evidence reveal the overall beneficial effects of statins extend beyond those obtained by simply lowering serum cholesterol levels [4] [5] [6] . Thus, statins are believed to have "pleiotropic effects," a term used to collectively refer to the beneficial effects of statins that are independent of cholesterol levels. Such pleiotropic effects on the vessel wall have been suggested to be multifaceted, including attenuation of vascular inflammation, improved endothelial cell function, Increased circulating endothelial progenitor cells and enhancement of function, decreased vascular smooth muscle cell (VSMC) proliferation and migration, stabilization of atherosclerotic plaque, and inhibition of platelet aggregation [7] [8] [9] .
With respect to the potential mechanism of statins' pleiotropic effects, there are diverse targets and pathways. First, by inhibiting HMG-CoA reductase, statins could also inhibit the synthesis of downstream isoprenoid intermediates, such as farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate (GGPP) [10] . These two isoprenoids are both used to provide intracellular proteins with lipophilic attachments to the cell membrane [11] . Ras and Rho families of small G proteins are important components of second messenger systems in vascular inflammation, hypertrophy, and in promoting vascular remodeling in disease states. Both Ras and Rho family proteins are known to require these lipophilic attachments for appropriate localization and activity within the membrane [12, 13] . Ras family of small G proteins need FPP to be farnesylated in the membrane attachment and functional activity, and GGPP performs the geranylgeranylation for Rho and its isoforms [14, 15] . These post-translational modifications can be inhibited by statins. Thus, in addition to cholesterol lowering, the inhibition of these intracellular isoprenoiddependent proteins may contribute to some of the biological effects of statins.
Secondly, statins promote the upregulation of endothelial nitric oxide synthase (sNOS) and improve pathophysiologic response, including inhibition of vasoconstriction and promotion of reendothelialization. The activation of eNOS by statins is mediated through the phosphatidylinositol-3 kinase (PI3K)-Akt pathway [16] and AMP-activated protein kinase (AMPK) [17, 18] . Laufs et al also showed that statins can prevent the downregulation of eNOS expression and activity induced by oxLDL or hypoxia [19, 20] .
Pleiotropic effects of statins may also act through activation of peroxisome proliferator-activated receptors (PPARs). Statins are reported to activate PPAR-γ and inhibit LPS-induced cytokine expression in macrophages [21] . These findings are supported by data demonstrating that statins stabilize atherosclerotic plaques through the activation of PPAR-γ and that combined administration of simvastatin with PPAR-γ agonists elicits additive effects on atherosclerotic plaque regression [22] [23] [24] .
In this issue, Qin and colleagues [25] found that simvastatin did not affect the size of atherosclerotic lesion in apoE−/− mice, but decreased the area of lipid core and increased the amounts of macrophages and VSMCs in atherosclerotic plaques of apoE−/− mice by regulating the expression of apoptosis-related proteins, such as p53, Bcl-2 and Bcl-xL. This study reveals a novel mechanism of beneficial effect of statins. Atherosclerotic plaque rupture is a major cause of acute ischemic episodes in both the cardiac and peripheral vasculature. Vulnerable atherosclerotic plaques contain an abundance of macrophages that express matrix metalloproteinases (MMPs) and tissue factor (TF) [26, 27] . Aikawa et al reported that cerivastatin could decrease macrophage growth and subsequent expression of MMPs and TF both in vitro and in vivo in a hypercholesterolemic rabbit model [26] . Indeed, Crisby et al studied the effects of pravastatin which significantly reduced MMP-2 immunoreactivity on human carotid plaque composition [27] . On the other hand, accumulation of lipids in the atherosclerotic plaque causes both mechanical and biologic instability of the plaque itself. Lipid lowering through statin treatment can promote plaque stability while attenuating bioactive lipids-induced oxidative stress and inflammatory response [28] . Although the expression of MMPs and TF was not measured in this study, the authors found that simvastatin downregulated the expression of vascular cell adhesion molecule-1 (VCAM-1) by both inhibition of nuclear factor kappa B activation and suppression of the expression of the receptor for advanced glycation end products. This result supports the inhibitory effect of statin on oxidative stress and inflammatory response in the plaque [25] .
Furthermore, the results from Qin et al. [25] show that no significant differences in levels of serum LDLcholesterol and HDL-cholesterol were found between the simvastatin treated group and the controls, supporting the notion that the clinical benefits of statin therapy may be independent of LDL-cholesterol reduction. Recently, the JUPITER clinical trial showed that statins could be beneficial in the primary prevention of CVD in patients with elevated high-sensitivity C-reactive protein (hsCRP), but relatively low LDL-cholesterol levels [29] . JUPITER evaluated the effect of rosuvastatin (20 mg/day), and found that rosuvastatin was of particular benefit if low concentrations of both LDL-cholesterol and CRPs were achieved [29] . Another clinical trial from the multicenter coronary atherosclerosis study measuring the effects of rosuvastatin using intravascular ultrasound in Japanese subjects (COS-MOS) also confirmed this conclusion [30] .
In conclusion, the pleiotropic effects of statins in CVD are secondary to a variety of processes at both molecular and cellular levels. Some of these beneficial effects include improvement in endothelial function, decreased vascular inflammation, inhibition of VSMC migration and proliferation, increased apoptosis of macrophages and VSMCs in the atherosclerotic plaques and increased stability of the plaque. However, statin pleiotropy is still an evolving concept and clinical studies have yet to show how many of the benefits of statins are non-LDL dependent. Part of the reason is due to the lack of a definitive biomarker for statin pleiotropy [8] . With the molecular insights obtained from basic studies regarding the signaling pathways involved in statin pleiotropy, it may be possible in the near future to actually define the clinical benefits of statin therapy attributed to non-LDL effects.
